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Introduction
Leaf variegation entails the local absence, reduc-464 sites are pooled, the mottled morph is less heavily T. J. Givnish attacked than the unmottled morph when they occur at the same frequency (the extent of leaf mining on a given morph increases with its relative frequency). Smith (1986) interprets the latter finding as tentative support for hypothesis (i).
Critique of Smiths's model for leaf variegation Smith's (1986) root allocation, anti-herbivore defences) that determine photosynthetic performance and/or competitive ability in sunny sites (see Bj6rkman, 1981; Givnish, 1988a) . Yet, as Smith (1986) himself notes, this lower incidence in mottled leaves might simply reflect a tendency by the Byttneria miner to attack the locally more common leaf morph preferentially, given that the most common morph in the shade is unmottled and provided that the miner shows a preference for shady conditions or for plants grown under shady conditions. To exclude this possibility, we would need studies of miner attack as a function of leaf variegation in sunny and shady field sites in which the frequencies of mottled and unmottled vines have been experimentally manipulated.
3 Finally, Smith's (1986) proposal that the combined effects of leaf variegation on leaf miners, light interception and heat load favour mottled leaves in open or partially shaded sites contradicts qualitative observations by Richards (1952) and Givnish (1988a) 
Camouflage hypothesis
As an alternative hypothesis, I propose that mottling may serve to camouflage the foliage of certain groups of forest herbs, by disrupting their outline as perceived by colour-blind vertebrate herbivores (e.g. deer) in sun-dappled understoreys. It is explicitly assumed that, when viewed in black-andwhite, mottling acts as a dappled camouflage pattern against the sunlight-dappled forest floor and would tend to reduce the probability that a mottled leaf or spatial cluster of such leaves would be consumed. Such crypsis is possible only for leaves held close to the ground, because even foliage that matches the forest floor light pattern perfectly could be detected visually if it were held much above the ground, through differences in the focal planes of leaves vs ground relative to a stationary herbivore or differences in parallax relative to a moving herbivore.
If this hypothesis is correct, then leaf mottling should be most common in forest herbs. An important corollary of this hypothesis, independent of previous observations, would be that among forest herbs leaf mottling should be most common in groups in which plants are exposed to the greatest threat of herbivory, in which the camouflage effect would be greatest, and/or in which the negative impact of leaf variegation on photosynthesis would be least.
Certain phenological groups are likely to be particularly vulnerable to herbivores, based on their high leaf nitrogen content (e.g. spring ephemerals, spring leaves of summer-active species) or leaf activity when few other understorey species Leaf mottling wintergreen species, winter leaves of dimorphic as camouflage species). Leaves of species in each these four seasonal photosynthetic guilds (terminology follows Givnish, 1987) are also exposed to relatively high irradiance levels and so are less likely to suffer photosynthetic losses due to the reduced leaf absorptance that accompanies mottling.
Furthermore, all have leaves held close to the ground (Givnish, 1982 (Givnish, , 1987 , in which the camouflage effect should be effective. Therefore, the incidence of leaf mottling in these four guilds should be higher than in any other group of forest herbs, or in any other growth form.
It should be apparent that, in temperate deciduous forests, evergreen herbs are especially exposed to damage by vertebrate herbivores because they are among the few plants with foliage available near ground level between late autumn and early spring. In this regard they are joined mainly by winter annuals and wintergreen species (whose leaves emerge in autumn, overwinter and then senesce before canopy closure in the spring) and by the winter-active leaves of dimorphic species (whose leaves are borne in two different sets active during the cool and warm seasons). Moreover, in temperate forests evergreen herbs are relatively most common on infertile soils (Givnish, 1982 (Givnish, , 1987 ; replacing nutrients in leaves lost to herbivores in such hibitats is especially costly and should favour relatively heavy allocation to anti-herbivore defences (Janzen, 1974; Coley, 1983 Coley, , 1987 Coley et al., 1985; Bazzaz et al., 1987) .
Spring ephemerals (whose leaves emerge in early spring and senesce before the tree canopy closes) may also be particularly attractive to herbivores because they have high concentrations of nitrogen in their leaves. A study of 25 forest herb species in Virginia (Givnish, 1987) found that spring ephemerals had the highest leaf nitrogen content (4.06 + 056%, n = 5) of any guild, whereas evergreens had the lowest (2.14 ? 036%, n = 4). Spring ephemerals had a significantly higher leaf nitrogen content than either evergreens (P < 0.001, two-tailed t-test) or early and late summer species (whose leaves emerge in spring and reach peak cover by early to late summer before senescing) (P < 0 05, one-tailed t-test). Use of a one-tailed test in the latter comparison is justified because of the expectation that spring ephemerals should have a higher leaf nitrogen content than summer-active species, based on their exposure to higher levels of irradiance and on typical differences between sun and shade leaves.
Leaves of species acclimated or adapted to high irradiance levels generally have higher peak rates of photosynthesis and higher levels of Rubisco and other dark-reaction enzymes, measured per unit leaf mass, than do leaves of species grown under shadier conditions (Bjbrkman, 1981) ; the adaptive value of greater investment in leaf nitrogen content in sunnier conditions has been analysed at length by Mooney & Gulmon (1979) , Gulmon & Chu (1981) , Field & Mooney (1986) and Givnish (1986 Givnish ( , 1988a . These models suggest a general prediction that, among herbs of temperate deciduous forests, the highest leaf nitrogen content should be seen among species whose leaves are exposed primarily to the high irradiance, warm non-limiting temperatures, and moderate to high soil water availability that prevail in spring.
Spring ephemerals fall into this category, as may a few early summer species whose entire leaf phenology is nearly confined to spring, or in which the phenology of the initial leaf flush is entirely confined to spring.
The low nitrogen/protein content of leaves is a fundamental constraint facing herbivores. Leaf nitrogen content limits herbivore digestive efficiency and growth, and strongly affects food choice in natural systems (e.g. Fox & Macauley, 1977; McNeill & Southwood, 1978; Milton 1979; Scriber & Feeny, 1979; Mattson, 1980; McClure, 1980 Coley, 1983 Coley, , 1987 Crawley 1983; Denno & McClure, 1983; Dirzo, 1984 1987) . Leaf-eating herbivores are more likely to feed on leaves with high levels of nitrogen/protein than on those with lower levels (e.g. see Milton, 1979; Coley, 1983 Coley, , 1987 . It thus seems reasonable to assume that forest herbs with high levels of leaf nitrogen relative to species active at the same time (i.e. spring ephemerals, winter-active species) would be exposed to a higher potential for herbivore damage than species with lower levels of leaf nitrogen and thus be more likely to evolve camouflage.
The camouflage hypothesis advanced here bears certain parallels to the hypothesis advanced by Table 1 . Growth form, leaf phenology and taxonomic affinity of vascular species with mottled leaves native to the north-eastern classifications follow terminology of Givnish (1987) ; data drawn from Coker (1944 ), Fernald (1950 ), Mangaly (1968 , Rickett (1966 Richardson, Burch & Cochrane (1987 Cases in which variegation is restricted to extremely rare genetic sports or unique, highly localized populations (e.g. Camassia scillioides Steyermark) have been excluded. Species with leaves modified as brightly coloured floral bracts that essentially function as petals (e.g. (Table 1) , but genera within families show no such approach to uniformity. Consequently, the incidence of mottled leaves was tallied at the generic level, in order to avoid overestimating the number of times the mottled leaf trait arose independently while retaining maximum statistical power (see Harvey & Mace, 1982; Janson, 1983) .
Graminoids with narrow, linear leaves (e.g. Cyperaceae, Eriocaulonaceae, Gramineae, Juncaceae, Juncaginaceae, Xyridaceae) native to the northeastern USA never have mottled leaves, are exceptionally numerous and diverge dramatically from all other groups surveyed; furthermore, even if it were to occur, mottling of graminoid leaves would seem to offer little potential to disrupt leaf outlines. Graminoid genera were therefore excluded from the survey to avoid biases caused by potential leaves that emerge with a mottled pattern that is lost later in spring; it too sheds its leaves soon after canopy closure. Tovara virginica produces leaves marked with a dark chevron in spring, but the marking fades soon after the canopy closes even though the leaves persist until fall. Geum virginianum is dimorphic (Givnish, 1982 (Givnish, , 1987 Both whorls remain entirely green from spring until late summer. In early fall, the berry-like fruits ripen and turn dark blue. Simultaneously, a diamond-shaped area at the base of each leaf in the upper whorl turns a striking magenta; presumably this coloration is a 'fruit flag' (Stiles, 1982) and contrasts with the bluish berries to help attract migrating frugivorous birds.
Thus, the predictions of the camouflage hypothesis account for most aspects of the distribution of leaf mottling in the flora of the northeastern USA (Tables 2 and 3 (Fernald, 1950; Rickett, 1970; Munz, 1975 (Rickett, 1970; Munz, 1975) . Those with mottled leaves (F. californicum, E. citrinum, E. helenae, E. hendersonii, E.
howellii, E. multiscapoideum, E. oregonum, E. revolutum) tend instead to grow in lower, more closed sites, such as forests, woodlands and chaparral (Rickett, 1970; Munz, 1975) .
Alternative hypotheses
Several alternative explanations advanced by Smith (1986) (Gates, 1962 (Gates, , 1980 Parkhurst & Loucks, 1972; Taylor, 1975; Givnish & Vermeij, 1976; Gates, 1980; Geller & Smith, 1980) . In addition, mottling should be more common in herbs of deciduous forests, because the heat loads they face in winter and early spring would be greater than those in the understorey of evergreen forests.
The first of these two predictions is not supported by the data presented in this report. Among forest herbs native to the north-eastern USA and adjacent parts of Canada, there are a total of 13 genera with mottled leaves (Table 2) North American deserts (Purpus, 1914; Marloth, 1929; Woodruff & Benson, 1976; Barlow & Wiens, 1977; Wiens 1978) ; (ii) resemblance of dead grass by spines of certain cacti that typically grow among clumps of particular grass species (Wiens, 1978) ; (iii) mimicry of dead sticks by leafless succulents in arid and semi-arid regions of southern and eastern Africa (Wiens, 1978); (iv) visual mimicry by mistletoes of the leaf size, shape and texture of better-defended and/or less nutritive foliage of their hosts (Barlow & Wiens, 1977; Ehleringer et al., 1986) ; (v) convergence on common leaf shapes by plants defended with an uncommon (and hence, dissimilar) chemical defence (Rausher, 1981) ; (vi) visual divergence among species with similar chemical defence, to thwart visually orienting herbivores capable of overcoming that defence (Gilbert, 1975); (vii) visual mimicry of various vegetative stages of human crop plants by weeds (Barrett, 1983) (Stone, 1979) ; and (x) the brownish or blackish leaves seen in many tropical understorey herbs (Blanc, 1989) . Blanc (1989) proposes that the latter act as camouflage against the dark exposed soil of tropi- (Smith, 1986) . Thorns are usually interpreted as a mechanical defence against vertebrate herbivores and tapirs have been observed to consume foliage of B. aculeata (Smith, 1986) (Givnish, 1982) and making any loss of foliage to herbivores relatively costly, particularly given the low levels of light prevalent in many tropical forests. Such unproductive conditions should favour relatively heavy allocation to antiherbivore defences (Coley, 1983 (Coley, , 1987 Coley et al., 1985) and the low stature of many tropical understorey herbs should render leaf mottling a viable mechanism of crypsis. Corollaries of this hypothesis would be that (i) leaf mottling should be common in herbs of relatively short stature; and
(ii) leaf mottling should be relatively common in tropical montane forests or on extremely infertile parent materials and less common on rich volcanic soils (except under extremely shady conditions).
Conclusions
The camouflage hypothesis presented in this report appears to account for most aspects of the distribution of leaf mottling in the flora of the north-eastern USA. As predicted, mottled leaves It should be emphasized that leaf mottling may arise through more than one mechanism: the leaf miner damage mimicry hypothesis of Smith (1986) seems quite plausible for the case of Byttneria and his suggestion that mottling may sometimes serve as aposomatic coloration should not be overlooked, particularly for species with a bold, visually striking (i.e. non-dappled) pattern of variegation. In some plants, vivid leaf markings may serve as floral attractants, as in several tropical members of the Gesneriaceae (Morley, 1973; Stiles, 1982) . This last possibility could account for the sole instance of leaf variegation in the flora of south-western Australia, Hakea victoriae. The leaves of this shrub, patterned brilliantly in orange and yellow, surround inconspicuous flowers (Erickson et al., 1979) and may serve to attract honeyeaters and other avian pollinators that visit them, perhaps in concert with the plant's unbranched and unusually tall growth form in the low heaths in which it occurs (cf. Givnish et al., 1986) . In a few carnivorous species, reddish and yellow leaf mottling may serve to mimic flowers and attract potential prey (Givnish, 1988b) . Benzing (1980) with no obvious explanation. Nevertheless, the camouflage mechanism proposed here seems to yield considerable insight into the basis for leaf mottling, coupling adaptation to irradiance level with a context-specific anti-herbivore defence. As Neger (1913) noted, the puzzling and oft-overlooked phenomenon of leaf mottling provides a rich field for further physiological and ecological studies.
